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Abstract: Cationic amino acid transport activity in a canine lens epithelial cells (LEC) line was 
investigated. The transporter activity of arginine was 0.424 ± 0.047 nmol/mg protein min, while the 
presence of N-ethylmaleimide, an inhibitor of the canine cationic amino acid transporter (CAT), 
reduced transport activity by 30%. A full-length cDNA sequence of canine CAT1 was 2558 bp long 
and was predicted to encode the 629 amino acid polypeptides. The deduced amino acid sequence 
of canine CAT1 showed similarities of 92.1% and 88.6% to those of the human and mouse, respectively. 
Western blot analysis detected a band at 70 kDa in a membrane protein sample of LEC. RT-PCR 
analysis confirmed that CAT1 was ubiquitously detected in all tissues examined.
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Introduction

Many amino acid transport systems have been distin-
guished based on differences in their substrate selectiv-
ity, ion-dependence, pH sensitivity, kinetics and regula-
tory properties, using membrane vesicle preparations or 
cultured cells [3, 4]. among them, system y+ was desig-
nated as a transporter of Na+-independent cationic 
amino acids. this designation is now attributed to what 
are termed cationic amino acid transporters (cat), 
which belong to the SLc7 gene family. the family of 
cat comprises four members, CAT1, CAT2A, CAT2B 
and CAT3, all of which exhibit a nearly identical sub-
strate pattern for cationic L-amino acids [7, 11]. CAT2A 
and CAT2B are splice variants that differ only in a stretch 
of 42 amino acids [5–8, 17, 19]. CAT1 is ubiquitously 

expressed except in the liver. CAT2A is observed in the 
liver, skeletal muscle and pancreas, while CAT2B is an 
inducible isotype in many cell types. CAT3 is observed 
in thymus, ovary, testis, and brain.

The prominent effect of proinflammatory cytokines is 
to induce cells expressing the inducible isoform of the 
nitric oxide synthase (NOS) family, the iNOS, which 
results in nitric oxide (NO) synthesis [15]. High produc-
tion of NO functions as a local defense against bacteria 
[21]. this has been demonstrated in resistance to Pseu-
domonas aeruginosa ocular infection at the ocular sur-
face [14]. a precursor for the synthesis of NO is the 
semi-essential amino acid L-arginine, which serves also 
as a component for protein synthesis. L-arginine be-
comes limited in inflammation because of the substrate 
competition between high iNOS expression and arginase 
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(required for protein synthesis). transport of L-arginine 
into the cell is enabled primarily by cat.

Lens epithelial cells (Lecs) are the progenitors of the 
lens fibers in vivo and undergo a developmental transi-
tion into fiber cells of the lens cortex, a process charac-
terized by distinct biochemical and morphologic chang-
es such as the synthesis of crystallin proteins, cell 
elongation, loss of cellular organelles, and disintegration 
of the nucleus [2]. in spite of the importance of cationic 
amino acids on the ocular surface, little information is 
available regarding cationic amino acid transport activ-
ity in canine Lecs. Previously, we developed a lens 
epithelial cell line originated from a mature cataract of 
a dog and reported several characteristics of this cell line 
[18]. in the present study, we investigated the cationic 
amino acid transport activity of the lens epithelial cell 
line and determined the cdNa sequence of canine CAT1 
as the first step in clarifying the relationship between 
CAT and the cationic amino acid metabolism on the ca-
nine ocular surface.

Materials and Methods

Animal and cell samples
all experiments were performed according to the 

guidelines of the Laboratory animal care committee of 
azabu University, and were in compliance with the Fun-
damental Guidelines for Proper conduct of animal ex-
periment and related activities in academic research 
institutions. the canine lens epithelial cell line derived 
from a mature cataract was maintained as described pre-
viously [18]. the rNa samples for rt-Pcr analysis were 
obtained from a healthy male Shiba dog (six years old).

Measurement of arginine transport activity
radioactive (3H–) arginine was purchased from amer-

ican radiolabeled chemicals (St Louis, MO, USa). 
arginine uptake of Lec was measured as described 
previously [18]. Briefly, the cells were plated in 5 × 105 
cells/6-well plate 24 h before the experiment. after 
washing the cells, a medium containing 100 µM arginine 
with a radioisotope was added and incubated at 37°c for 
10 min. to study the effect of N-ethylmaleimide (NeM) 
on the transport activity, pretreatment with 0.2 mM NeM 
for 10 min was carried out before incubation with me-
dium containing radiolabeled arginine. Uptake was ter-
minated by washing with ice-cold phosphate-buffered 
saline. after solubilizing the cells with 1% SdS, the 

radioactivity was measured with a liquid scintillation 
counter, and the protein content was determined by the 
Micro Bca method. arginine uptake was expressed as 
nmol/mg protein min. arginine uptake of canine red 
blood cells was measured as described elsewhere [11].

Determination of cDNA sequence of canine CAT1
total rNa was isolated from the lens epithelial cell 

line established previously [24] using an rNa extraction 
solution (isogen, Nippon Gene, tokyo, Japan). the prim-
ers used in this study are shown in table 1. the primer 
sets (s1 and a1) for amplification of a partial canine CAT1 
cdNa were prepared from the conserved region se-
quences between humans and mice (ddBJ accession No. 
Bc063303 and Bc145779, respectively). rt-Pcr am-
plification was performed employing a SuperScriptIII 
First-Strand Synthesis System kit (invitrogen, carlsbad, 
ca, USa) with ex taq Hot Start Version dNa poly-
merase (takara Bio, Kyoto, Japan). the band was ex-
cised from the agarose gel and purified using a Wizard 
SV Gel and Pcr clean-Up System (Promega, tokyo, 
Japan). The extracted and purified DNA were cloned into 
a pcr ii-tOPO cloning vector (invitrogen) and se-
quenced with a Bigdye terminator kit ver.3.1 cycle 
Sequencing Kit (applied Biosystems, carlsbad, ca, 
USa). the nucleotide sequence obtained exhibited high 
similarities (90%) to human CAT1 cdNa sequences. in 
order to determine the 3′ and 5′ regions of cDNA, RACE 
methods were carried out using a SMarter race 
cDNA Amplification kit (Clontech, Mountain View, CA, 
USa) and a set of canine CAT1 gene-specific primers 
(GSP1 and GSP2).

Western blot analysis of CAT1 protein in various canine 
tissues

The cell membrane of brain tissue for Western blot 
analysis was prepared as reported by denker et al. [9]. 
in brief, Lecs or cerebellums were homogenized at 4°c 
in buffer containing 0.1 M Kcl, 5 mM Na2HPO4 pH 7.5, 
0.75 mM Na-eGta (pH 7.5), 1 mM ddt, 5 mM Mgcl2, 
200 µg/ml phenylmethylsulfonyl fluoride, and 4 µg/ml 
leupeptin. Homogenates were centrifuged for 10 min to 
remove debris. the 1-vol. supernatant was laid over a 
5-vol. sucrose solution containing 0.8 mM sucrose and 
2 mM Na-EGTA and was centrifuged at 32,000 × g for 
40 min. Protein concentration of the pellet was deter-
mined by the BCA method, and was used for Western 
blot analysis as previously described [24]. Briefly, the 
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membranes were solubilized, electrophoresed into 12% 
polyacrylamide gels, and immunoblotted with a chemi-
luminescence autoradiograph. they were then treated 
with the primary antibody (rabbit anti-human CAT1, 
×1,000, Proteintech, Chicago, IL, USA), followed by the 
secondary antibody (anti-rabbit igG (H+L) goat igG Fab’ 
HRP, ×20,000, Seikagaku Corp., Tokyo, Japan). The 
CAT1 protein was detected with an ecL Plus a chemi-
luminescence detection system (Ge Healthcare Biosci-
ence, Chalfont, UK) and exposed to x-ray film.

RT-PCR analysis of CAT1 mRNA in canine tissues
in order to examine the expression of CAT1 mrNa in 

various organs of a dog, we performed rt-Pcr using 
newly designed primers specific to canine CAT1(GSP1 
and GSP2: table 1). rt-Pcr conditions were as follows: 
94°c for 2 min and 30 cycles of three steps: 94°c for 10 
s, 60°c for 10 s and 72°c 30 s.

Results

arginine transport activity of the canine lens epithe-
lial cell line is shown in Fig. 1 (a). the transport activ-
ity was 0.424 ± 0.047 nmol/mg protein min, while the 
presence of NeM, the inhibitor of CAT, significantly 
reduced arginine transport activity by 30%. red blood 
cells of the canine showed 17.33 ± 0.46 µmol/l cells h 
arginine transport activity. Likewise, NeM reduced cat-
ionic amino acid transport activity by about 38% (B). 
Fig. 2a (left) shows the electrophoresis of rt-Pcr prod-
ucts of canine CAT1 using primers (s-1 and a-1) that 
were well conserved between the human and rodent. the 
nucleotide sequence comprising 1070 bp showed high 

similarities (90%) to mouse CAT1 cdNa sequences. the 
primers used for race were prepared from the sequence 
details listed in Table 1. Fig. 2A (right) also shows 3′and 
5′RACE products. An obtained nucleotide sequence 
(ddBJ accession number aB762780) corresponding to 
a full-length canine CAT1 cdNa was 2558 bp in length 
and contained an entire open reading frame of 1887 bp, 
encoding canine CAT1 having 629 amino acids and a 
theoretical mass of 68 kda (Fig. 2B). Figure 3 compares 
canine CAT1 with those of reported in humans and ro-
dents. the deduced amino acid sequence of CAT1 

Table 1. Sequences of oligonucleotides used in this study

Primer Sequence (5′-3′) expected product (bp)

Oligonucleotide for cloning of canine CAT1 
s1 Sense cGGGctcaGcitacctctacaGct
a1 antisense caaaGaGGaaGGccatcacaGcaGc 
(Human cat1: Bc063303) 
GSP1 (for 5′ RACE) antisense GtccGcGaGaactccGcaatGGGtttGc
GSP2 (for 3′ RACE) Sense aaGtatGcaGtGGccGtcGGctccctct

Oligonucleotide for rt-Pcr 
transcript 

CAT1 (aB762780)
 

Sense cGGGctcaGcitacctctacaGct 392
antisense aGtGccaatGGacatGaGGtccacca 

GAPDH (aB038240) Sense atc acc atc ttc caG GaG cGa Ga 192 
antisense Gtc ttc tGG GtG Gca GtG atG G

the accession number is indicated in parentheses.

Fig. 1. arginine transport activity of Lecs (a) and red blood cells 
(B) in the presence (closed column) or absence (open col-
umn) of 0.1 mM NeM. Values are means and Sd of 4 in-
dividual experiments. Statistical differences between the 
treatments were determined by the Student’s t-test 
(*P<0.05).
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showed high similarities (92.1 and 88.6%) to those of 
the human and mouse, respectively. canine CAT1, as 
found in humans, possesses a seven-amino acid insertion 
between amino acid 224 and 225, and a one- amino acid 

insertion was found in between amino acid 231 and 232 
of mouse CAT1. canine CAT1 possessed 14 membrane-
spanning domains, conserved consensus sequences for 
N-glycosylation sites, and phosphorylation by protein 

Fig. 2. PCR-based cloning of 5′- and 3′-stretched cDNA clones for canine CAT1 (A). Electrophoresis of RT-
Pcr products of canine CAT1 using primers (s-1 and a-1) that are well conserved between humans and 
rodents (A) (left). 5′and 3′RACE products with the primers shown in Table 1 (right). Nucleotide and 
deduced amino acid sequences of the canine are shown (B). Full-length canine CAT1 cdNa was 2、558 
bp in length and contained an entire open reading frame of 1,887 bp, encoding canine CAT1, which 
had 629 amino acids. the ddBJ accession number is aB762780. the termination codon is asterisked.
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kinase c (PKc) in a putative model according to albrit-
ton et al. [1] (data not shown). Figure 4a shows rt-Pcr 
analysis of cat1 expression in canine various tissues. 
a single distinct band was observed in all the tissues 
examined including the liver. Western bolt analysis using 
anti-human CAT1 detected a band at 70 kda in the mem-
brane of Lecs (Fig. 4B).

Discussion

in this study, we investigated the cationic amino acid 
transport activity in canine Lec, found the NeM-sensi-
tive arg transport component, and determined a full-
length cdNa sequence of canine CAT1. the deduced 
amino acid sequence of canine CAT1 showed high 
similarities to those of the human and mouse. Glu107 was 
reported to be essential for the transport activity of 
mCAT1 [7] and it was also conserved in canine. rt-Pcr 
analysis confirmed that CAT1 was detected in all tissues 
examined including the liver. Western blot analysis using 
anti-human CAT1 detected the band in 70 kda in the 
membrane protein of Lecs. it was reported that CAT1 
is expressed almost ubiquitously except in the adult 
liver, but its expression level varies considerably in dif-

ferent tissues and cell types [20]. rt-Pcr analysis 
showed that CAT1 expression was observed in all tissues 
examined including the liver in the canine (Fig. 4a).

cationic amino acids supplied through the CAT pro-
teins feed into protein synthesis and other enzymatic 
reactions dependent on them, including synthesis of 
nitric oxide (NO), urea, creatine and agmatine from ar-
ginine or synthesis of polyamines, proline and glutamine 
from ornithine. CAT1 is the major cationic amino acid 
transporter in most cells. Notably, homozygous CAT1 
knockout mice die on day 1 after birth, are 25% smaller 
than their wild-type littermates, and suffer from severe 
anemia, while the heterozygous mice exhibit no pheno-
type abnormality [25]. CAT1 expression can be modu-
lated by a variety of stimuli including cell proliferation, 
growth factors, cytokines, and hormones. the transport 
activity of human CAT1 is decreased after activation of 
protein kinase c (PKc) in human endothelial cells, in-
dicating posttranslational regulation [13]. CAT1 activity 
can also be modulated by interaction with cytoskeletal 
proteins [27]. although there are some cationic amino 
acid transport systems, CAT is the only NeM-sensitive 
transport system [10]. So far it has not been determined 
whether or not NeM inhibits all CAT isoforms, and the 

Fig. 3. amino acid sequences of canine CAT1 were compared with those of the human and mouse. Multiple sequence alignments 
were performed using the GeNetyX software (ver. 10). asterisks and dots indicate identical residues and conservative 
substitutions, respectively. transmembrane domains are overlined.
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cysteine residues in the CAT proteins sensitive to NeM 
have not yet been identified.

the ocular surface is constantly exposed to environ-
mental pathogens, particularly those vulnerable to infec-
tion. an advanced immune defense system is therefore 
essential to protect the eyes from microbial attack. de-
fensins are a family of highly conserved arginine- and 
lysine-rich cationic proteins, which have an important 
role in combating microbial infection. they are essential 
components of the innate immune system and are the 
first line of defense against microbials on the ocular 
surface [12]. defensins are attracted by the microbial 
membrane’s negative charge and cause disruption by 
first binding and then intercalating, to form pores that 
destroy the integrity of the lipid layer. this dissipates 
the membrane potential and kills the cells [28]. two 
groups of defensins are recognized in mammalians: 
α-defensins, produced by neutrophils and the Paneth cell 
of the small intestine, and β-defensins secreted by epi-
thelial-derived tissues. β-defensin production at mucosal 
surfaces is an important part of the innate immune sys-
tem. in order to produce the defensins, the cells forming 
them require large amounts of L-arginine and lysine.

in this report, we investigated the cationic amino acid 
transport activity in canine Lecs, found the NeM-sen-
sitive arg transport component, and determined a full-
length cdNa sequence of canine CAT1. the deduced 

amino acid sequence of canine CAT1 showed high 
similarities to those of the human and mouse. rt-Pcr 
analysis confirmed that CAT1 was ubiquitously detected 
in all tissues examined including the liver. interestingly, 
in diseases accompanied by L-arginine deficiency [16, 
22], e.g., psoriasis, dry skin, and diabetes of rheumatoid 
arthritis, there is a significant association with increased 
β-defensin production as well as dry eye in humans [23, 
26]. The data clarified in this paper may facilitate study 
of the cationic amino acid metabolism and disease on 
the canine ocular surface. We will next investigate the 
relationship between β-defensin expression and CAT1 
activity on microbial infectious conditions in Lecs.
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